ABSTRACT Phytoplankton species composition and primary production 'ivere studied in the Atlantic Sector of the Southern Ocean in early austral Summer 1995Summer /1996 Results from photosynthasis-irradiance expenments (P vs E curves) were used to examine photosvnthetic adaptation in this pdrt of the ocean. The study area comprised 3 different provinces: the Antarctic Polar Front (APF). the Antarctic Circumpolar Current (ACC) beyond the influence of frontal systems, and the marginal ice Zone (411Z). Phytoplankton cornposition denved from HPLC data, P', (maximum biomass-specific photosynthetic production rate) values arid areal daily pnmary production (ADP) rates showed different features for these Tones. The central core of the APF was dominated (60°:7] by a bloom of large (>20 pm) diatoms (Thalassiothrix spp., Pseudonitzschia cf. lineola and Chaetoceros spp.), equal values for P;, at the surface and 1 ''o Light depths and ADP rates exceeding 900 mg C m-2 d-'. At the fringes of the APF core, phytoplankton were smaller, diatom abundance decreased and dinoflagellates, prymnesiophytes and chrysophytes became more important within the rommunity. Chlorophyll a concentrations and ADP rates were low and comparable to values for the A<:C outside the front: ~0 . 5 mg m-"nd 1300 m g C mv2 d-' respectively. Beyond the frontal systems, P',,, values from the I?!, light depth were significantly higher than at the surface. There was also a bloom of large phytoplankton species within the MIZ, dominated in contrast by Phaeocystis spp.; this province was charactensed by ADP rates of 558 mg C m-2 d". Vertical mixing processes. temperature, silicate concentrations and zooplankton grazing seem to be the factors controlling production and growth of phytoplankton at this time.
INTRODUCTION
A current objective of biological oceanography is to quantify the mean and variance of phytoplankton biomass and production on basin-wide and global scales (Bidigare et al. 1992) . Early productivity studies in the Southern Ocean were carried out in areas with localised high biornass and production, leading to erroneously high estimates of total productivity for the entire Southern Ocean (EI-Sayed 1984 , Jacques 1989 . Today, it is clear that productivity in the Southern Ocean is highly variable (Sullivan et al. 1993 , Arrigo et al. 1998 . However, cornpared to other regions maximum phytoplankton growth rates are generally low (<0.6 d-') due to the low ternperature (Sakshaug & Slagstad 1991) .
Despite high macronutrient concentrations, the main body of the Antarctic Circumpolar Current (ACC) is typified by chlorophyll a (chl a) concentrations of <0.3 mg m-3 over a deep mixed layer and correspondingly low productivity by nano-and picoplankton (e.g. Jacques 1989) cha.ractenstic of an HNLC (high-nutrients-low-chlorophyll) ocean (Chisholm & More1 1991) . Low surface temperatures, weak density stratification, little summertime surface irradiance, 1ow iron concen-trations, strong wind Stress and high microzooplankton grazing pressures ail contnbute to the low biomass and productivity typical of the ACC .
However, more productive regions do exist. The northern ACC is separated from the southern ACC by the Antarctic Polar Front (APF) located at about 50" S (Treguer & Jacques 1992 , Orsi et al. 1995 . Here, warmer water masses from rnid-latitudes converge with colder ones from further south so that the APF is marked by meanders, mesoscale eddies and strong west-east zonal flow characterised by enhanced diatom dorninated biomass and production (Comiso et al. 1990 , Laubscher et al. 1993 , Sullivan et al. 1993 , Dafner & Mordasova 1994 , Bathmann et al. 1997a , Hense et al. 1998 . One consequence of this is the sedimentation of silica-nch biogenic material giving rise to benthic opal concentrations which are higher than in any other ocean (Carmack 1977 , DeMaster 1981 , DeMaster et al. 1991 , Mortlock et al. 1991 , Pondaven et al. 1998 .
The marginal ice Zone (MIZ) region of the southern ACC is marked by seasonal sea ice formation and melt. As sea ice has a low salinity, one paradigm is that spnng ice melt stabilises the water column, which, in conjunction with increasing light, stimulates the development of dense phytoplankton blooms in the upper stratified water column (Gran 1931 , Sakshaug & HolmHansen 1984 , Smith & Nelson 1986 ). While there is good evidence for this in many regions, it is not a universal finding. Recently, Pollard et al. (1995) noted that in the Bellingshausen Sea, the frontal dynamics of the Southern Polar Front exerted a stronger influence on phytoplankton distnbution and productivity than did the retreating seasonal sea ice.
Many researchers have speculated on the factors responsible for causing differences in phytoplankton biomass and taxonomic distnbution within the Southern Ocean. Light, temperature, trace nutrients, zooplankton grazing and physical mixing processes have all been commonly invoked over several decades as key factors governing phytoplankton biomass and productivity (e.g. Hart 1934 , and reviews by HolmHansen et al. 1977 , El-Sayed 1987 . Rates of productivity and taxonomic groupings are also important determinants of biogeochemical processes within the Southern Ocean. Larger diatom blooms frequently charactenstic of frontal Systems are associated with a significant export flux of carbon and CO2 draw-down. The smaller flagellated algae dominate in areas of low biomass, and although they may occasionally form blooms, their role in the biogeochemical cycles of the Southern Ocean ecosystem is considered less important due to their low sedimentation rates (Smetacek 1985 , Michaels & Silver 1988 . Different types of Southern Ocean phytoplankton blooms in the Ross Sea are showing significant differences in terms of carbon export (Arngo et al. 1999) . However, in this paper we concentrate on the physiological responses of phytoplankton to their light environment as a means of explaining phytoplankton biomass and productivity within different zones of the Southern Ocean.
Phytoplankton photosynthetic rates respond to vanations in the light regime by photoacclimational processes (Prezelin & Sweeney 1979 , Falkowski & Owens 1980 , Perry et al. 1981 , Platt et al. 1982 , Neori et al. 1984 ; 3 of these processes will be dealt with here: the absorption of light by phytoplankton, the characteristics of photosynthesis ac a function of irradiance (P vs E curves) and variations in pigment composition. This information is used both to explain the observed biomass and taxonomic distnbution Patterns and to calculate areal pnmary production rates.
In early austral sunlmer 1995/1996 we investigated phytoplankton distribution and photosynthetic characteristics in the Atlantic Sector of the Southern Ocean. Areal daily production rates were determined by using P vs E Parameters in consideration of the spectral resolution of the underwater light field and absorbance by phytaplankton. The results were related to zooplankton grazing, nutnent conditions and hydrography to provide insight into the factors which determine differences in phytoplankton composition and pnmary production in this part of the Southern Ocean.
MATERIALS AND METHODS
Work at sea. Data were coilected from 24 openwater stations in the region 49"-67'S, 6" W-12"E in the Atlantic Sector of the Southern Ocean during the JGOFS cruise ANT XIIV2 (December 1995 to January 1996) on RV 'Polarstern' (Fig. 1) . Seventeen stations were sampled and profiled down to 120 m depth (S6, S8-S10, S13-S16, S18-S21, 525, S29-S32). At 7 stations, only surface water was sarnpled (F4, F6-Fll). Icebergs were Seen in the vicinity of Stns F4, F6, S8 and S31, and S30 was close to the ice edge.
Physical characteristics. The physical characteristics of the water column were determined with a CTD (NBIS Mark 111), connected to a General Oceanics BioRosette water sampler with 24 X 12 1 bottles. The depth of the upper mixed layer (UML) was defined as a >0.05 change in sigma-t over a 10 m depth interval, determined by evaluation of CTD profiles (Strass et al. 1997) .
Radiation measurements. Vertical profiles of the downwelling spectral distnbution of the underwater light field were measured as described in Bracher & Tilzer (1998) using a MER-2040 underwater spectrora- Underwater light was measured at wavelengths of 412, 443,465,490,510, 520, 550, 560, 615, 633, 665 and 683 nm (10 nm bandwidth) at various times during the day. In addition, photosynthetically available radiation (PAR, 400 to 700 nm) in air was continuously measured at 10 min intervals, using a Li-Cor cosine Sensor (Li-193SA) mounted on the sun-exposed forward superstructure of the ship. Water sample analysis and experiments. Water was sampled at CTD stations by means of the Bio-Rosette whereas surface stations were sampled with a bucket. At the CTD stations, pigment composition, particulate light absorption and measurements of photosynthetic activity were determined at 6 depths in the euphotic Zone. P vs E curves were constructed with water samples from the surface and the 1 % light depth (ranking from 24 to 69 m) only.
Chlorophyll concentration: Chlorophyll concentrations were determined using the method of Evans et al. (1987) . Total chl a was obtained by filtering water samples onto 25 mm Whatman GF/F filters, and size fractions were obtained by filtenng separate 1000 aliquots through a 20 pm Nitex screen and a 2.0 pm Nuclepore filter. These filtrates were retained on GF/F filters to yield chl a concentrations within the <20 and ~2 . 0 pm fractions. Pigments retained on the filters were extracted in 90% acetone/water for 2 to 3 h in a dark refrigerator and homogenised in a cell mill for 5 min. Thereafter, the sample was centnfuged, the supernatant transferred into a quartz tube, and fluorescence read on a Turner Designs scaling fluorometer before and after acidification with 2 drops of 5 % 1 N HC1. For Stns S6, S14, S19, S20 and S25 only total chl a data are available (Hense et al. 1998) .
Particulate light absorption: Microalgae and other particulates were collected onto Whatman GF/F filters. n i e absorption coefficient ( a [ h ] , m-'), corrections for detntus absorption (ad[h] , m-I), and the chl a-specific absorption coefficient (aoW[k] , m2 mg chl a-') were determined by the method of Yentsch (1962) , as modified by Bricaud & Stramski (1990) , using the ß-correction of Mitchell & Kiefer (1988) . The mean chl a-specific absorption coefficient of PAR (3,'. m2 mg chl a-I), (1998) . P vs E rneasurernents: The relationship between algal photosynthesis and irradiance was examined at 22 stations. Samples were incubated at in situ temperatures in a small volume (20 ml) 'photosynthetron' (from S. Pilo, Bar-Ilan University, Israel). Each 20 ml sample was spiked with ''C (concentration of 2.8 to 3.5 X 10" Bq ml-I). Eighteen subsamples of each sample were incubated under a 200 W tungsten halogen lamp. Photon flux (E) ranged from 1 to 600 (for Stns S30 to S32 up to 1000) ~irnol photons m-2 s-' (rneasured with a Biospherical Instrument 4 rr probe, QSP200). After incubation, samples were filtered onto Sartorius cellulose nitrate filters (0.45 p n~ Pore size) and exposed to fuming HC1 in a dessicator for 15 min to release unassimilated I4CO2. After adding scintillation cocktail (Quickszint 361), samples were counted in a Packard 1900CX Tri-Carb Liquid Scintillation Counter. The uptake of ''C labelled bicarbonate into acid-stable organic material was converted to chlorophyll-specific rates using measured values of chl a concentration and alkalinity (from Stoll et al. 1997 ) and follo~ring the protocol of Strickland & Parsons (1972) . P versus E curve data were fitted to the equation of Webb et al. (1974) , which excludes photoinhibition, because no photoinhibition was detected in our samples:
All symbols are explained in Table 1 . The spectral dependent parameter a' from samples taken at depth z was corrected to approximate maximum light utilisation coefficient i n situ according to the relationship in Lewis et al. (1985) :
The light saturation parameter E,(z) was calculated from the P',(z):a' """II~ ,,,""",.,dz) ratio.
Maximum quantum yield <t>" [mol C (mol photons)-'j was calculated according to Bannister (1974) :
Photosynthetic pigment composition: Pigment composition was determined by high perfoi-mance liquid chromatography (HPLC). Samples of 1.0 to 2.0 1 were filtered onto 25 mm Whatman GF/F filters to retain pigments. These were placed in Eppendorf tubes and immediately frozen in liquid nitrogen. The filters were then stored at -80°C for about 8 mo prior to pigment extraction in 90% acetone and subsequent HPLC analysis of the pigment extracts at the AWI, Bremerhaven, Germany. HPLC protocols followed those of Karsten & Garcia-Piche1 (1996) with some modifications. After evaporation of the pigment extracts under a stream of nitrogen, they were redissolved in 100 p1 100% acetone. Pigments were separated using a Waters Associates HPLC system which includes a 600 MS gradient module with system controller and a Model 996 photodiode array detector. Samples (80 ~1 ) were injected into the HPLC column by an autosampler (717 plus). The column was a stainless-steel Merck LiChrospher RP 18 cartridge (5 pm packing; 12.5 mm X 4 mm inner diameter [i.d.]) behind a Merck RP 18 guard column (4 mm X 4 mm i.d.) filled with the Same material. Pigments were monitored a t 436 nm and separated by a binary gradient system of helium-degased solvents. The mobile phase of solvent A (distilled water) and solvent B (acetonitiril-methanol-tetrahydrofuran, 75:15:10, vol/vol) was regulated at a flow rate of 1.5 ml min-' using the following program: 0 to 15 min for a linear increase from 15% solvent A to 100% solvent B and 15 to 24 min for 100% solvent B.
The individual pigments were identified by their absorption at 436 nm in a mixture of solvent A and solvent B at the appropnate retention time. Their identification was evaluated against CO-chromatography with commercially available standards (The International Agency for 14C Determination, VKI, Denmark). Pigments were quantified by peak area with reference to response Signals obtained from the standards using the Waters 996 photodiode array detector and integrator. Additional confirmation for each pigment was done by using on-line diode array absorbance spectra between 300 and 700 nm.
Estimation of the contribution of chl a b y different algal groups: Ratios of chl a to accessory pigments charactenstic of each algal group were obtained from previous studies. We used the equations used by Letelier et al. (1993) and modified by Peeken (1997) who also studied phytoplankton 'fingerprints' in the Same area of the Southern Ocean (Tahle 2). The ratios of chl a to accessory pigments for each algal group obtained within a water sample were compared with phytoplankton Counts (Hense et al. 1998 ) obtained at Stns S9, S13-S16, S18-S21, S25, S29, C32 and F7-F11 Phytoplankton samples from Stns S6, S8, S10, S30, S31, F4, F6 were counted by the authors and M. Schültke (unpubl. data).
Areal daily primary production including light interca1ibrations:The following Parameters were used and derived to obtain areal daily primary production:
(1) The immediate subsurface downwelling irradiance Ed(0) was determined from Ed(0) = E,r, where E, = downwelling irradiance in air. The conversion factor r was determined to equal 0.75621 (n = 20, SD = 0.05149).
(2) Vertical light attenuation coefficients of PAR were estimated by First integrating irradiance fluxes in the 12 wavelengths measured and assuming that they were valid for the entire waveband in which at the mid-point irradiance was measured. The vertical attenuation coefficients of PAR at a discrete depth, kd[PAR](z), were determined from the expression in Smith & Baker (1978) for deriving kd at a specific wavelength:
(3) The value of the chl a biomass, B" was determined from the chl a concentrations at the discrete depths sampled and interpolated for depths in between.
(4) The primary production rate P' was determined at time t and at a specific depth z, from 
using the following equation:
(5) To denve the areal daily primary production, ADP (mg C m-2 d-I), we integrated over the depth and over the time of 1 d. The maximum depth of integration Z, is defined at the depth at which the irradiance was >1 pmol photons m-2 s-' at the maximum surface irradiance during the day. Only values of Ed(t,O) 21 pmol photons m-2 s-' were used:
To compare our results with ADP rates obtained by other calculation methods, additional Parameters were determined. The daylength, N, was determined from the time at which immediate subsurface downwelling irradiance, Ed(0), was > 1 pmol photons m-2 s-'. These values were used to calculate the daily mean value of subsurface downwelling irradiance E(0).
We used a reformulated version of Sverdrup's cntical depth equation (Nelson & Smith 1991) to derive an estimate of the depth at which the vertically integrated rates of photosynthesis and phytoplankton respiration were equal:
where Ed[PARJ(0)+ is the flux of PAR at the sea surface integrated over 24 h and the mean vertical attenuation coefficient of PAR, &[PAR], was determined from linear regression analysis of the natural loganthms of PAR at 25 incremental depth points for each determination. The value thus obtained was assumed to be representative for the centre of the depth range considered. Correlations in these regression analyses were extremely high (>0.99).
RESULTS

Sampling sites and phytoplankton biomass
The cruise transect from 49" S to 67's comprised 3 different zones, according to the descnption by Treguer & Jacques (1992); viz. the Antarctic Polar Front (APF), the Antarctic Circumpolar Current outside of frontal Systems (ACC) and the marginal ice Zone (MIZ). One station (S30) occurred in the MIZ and 13 stations (F?-F9, F11, S13, S16, S18-S21, S25, S29 and S32) occurred within the APF. Five stations (F10, Table 1 PAR daily maxima in air PAR daily maxima at surface ze" (m) S6, S10, S14, S15) within the ACC were located just south of the APF (termed SAPF) between 50.2"s and 51.1"s. The remaining 5 stations (F4, F6, S8, S9, S31) were located further south (> 53.5" S) within the ACC (Fig. 1) . UML depths for the stations within the APF varied between 15 and 35 m, while UML depths of the SAPF and southern ACC stations always exceeded 35 and 50 m, respectively (Fig 2a-C,  Table 3 ). Although Stn S30 was north of the ice edge (van Franeker & van den Bnnk 1997), it is stiil considered to belong to the MIZ, since the depth profile of salinity indicated sea ice meltwater inflow into the surface layer, resulting in a shallow UML depth of <15 m (Fig. 2d) . In addition, the many icebergs Seen in the vicinity of this station (van Franeker & van den Bnnk 1997) probably contnbuted to the fresher surface water.
Surface seawater temperatures (SST) across the APF ranged from 4 to 5°C and in the SAPF from <2 to 4OC. Further south in the ACC, the SST ranged from -1.5 to 2°C and for Stn S30, SST was approximately 0.5"C.
For all station profiles, chl a concentrations ranged from 0.15 to 2.43 mg m-3 over the upper 40 m. Maximum values were found in the MIZ (0.88 to 2.43 mg m-3). In the APF, values reached 1.8 mg chl a m-3, while in the SAPF and the ACC, maxima were ~0 . 8 and ~0 . 5 mg chl a m-3 respectively (Table 3) . 
Phytoplankton community composition
The composition of the phytoplankton commu- 60 to 80%; dinoflagellates were absent. In the SAPF the diatom fraction of total biomass was only 25 to 45%, whereas dinoflagellate biomass made Phaeocystis sp. (M. Schültke pers. comm.), made up up 20 to 50%. Microscopy observations on APF Sam-50 to 60% of the phytoplankton biomass and diatoms ples by Hense et al. (1998) showed the low diversity 30 to 40%. but high abundance of the highly silicified diatoms Thalassiothrix spp., Pseudonitzschia cf. lineola chains and Chaetoceros spp. which dominated the biomass, Light conditions whereas the diversity of species in the SAPF was much higher. Some of the diatom species had spines which Daily maximum surface PAR ranged from 400 to exceeded 500 Pm. Within the ACC, diatoms, dinofla-2200 pmol photons m-2 s-I, with both the highest and gellates. prymnesiophytes and chrysophytes all conlowest values occurnng in the ACC region. Within the tnbuted to the biomass. South of 57" S, at Stns F4, F6 MIZ, the range was 1000 to 2200 pmol photons m-2 s-' and S8, diatoms contributed roughly 50% of the bioand at the APF 900 to 1500 pmol photons m-2 s-' mass. Within the MIZ (at S30), prymnesiophytes, i.e.
( (Table 3) . Elsewhere, the shallowest Z" depths coincided with maximum chlorophyll concentrations associated with the diatoni bloom. Daylength in the 3 regions ranged from 16 up to 24 h (Table 3) , increasing at higher latitudes.
a ,' values
2,' ranged from 0.006 to 0.030 ni2 mg chl a-I, averaging 0.016 (Table 3 ). The minimum was found in the APF (S20 at 80 m) and the maximum in the SAPF (SI5 at 60 m ) .
P vs E paranieters
values were evident at most stations. At all stations within the ACC and MIZ, surface water P', > 1 % light depth P', (Fig. 4a) . Conversely, at all stations within the SAPF and at S13, S16, S I 8 and S32 of the APF, surface water P', <1% light depth P', (Fig. 4b) . At all other stations within the APF, surface and 1 % light depth P', values were insignificantly different (Fig. 4c) , with the exception of S21, where the surface water P', > 1 % light depth P',.
For all regions, Ek at the 1 % light depth ranged from 8 to 139 pmol photons m-2 s-'; it was higher at the surface: 34 to 246 pmol photons m-2 s-I. Consistently low Ek values (8 to 83 pmol photons m-2 s-') were only evident within ACC waters. The initial linear slope of the P vs E curve, a', ranged from 0.006 to 0.06 mg C mg chl a-' h-' (pmol photons m-* s-')-I ( Table 3 ). The maximum value and the miniinum value of a' were found within the SAPF. Within the MIZ, P', and cr' fell between the extremes of the other regions. At all stations, cc' at the 1% light depth was significantly higher than at the surface. prnol photons rnZs"
ACC -S31
The P vs E Parameter, P',,,, ranged from 0.27 to where P ' , 1 % light depth > P ' " surface; and (C) S29 from the ineasured within the ACC and the maximum within centre of the APE where P., % light depth = P., surface, the SAPF arid the APF (Fig. 4a-C) . Significant differ-C w e fits accordinq to Webb et al. (19741. Symbols are data ences between surface water and 1 % light depth P', (Table 3) .
Areal daily production rates
Overall, ADP rates ranged from 111 to 932 mg C me2 d-I. with an average value of 470 mg C m-2 d-' (Fig. 5) . Daily ADP was highest within the APF at the centre of the bloom (S20, S21, S25 and F l t ) , reaching 734 to 932 mg C m-* d-I. Nearby (at F7, F9, SI9 and S29), values were 448 to 604 Ing C m-2 d-I. In both areas, P', was similar at the surface and at depth. By contrast, stations at the edge of the APF (at F8, S13, S I 6 and S32) exhibited much lotver ADP values in the range 303 to 334 mg C m-2 d-'. Here, the 1 % light depth P',,, values were significantly higher than at the surface. However, S18, which also belongs to this zone, showed a high ADP value of 540 mg C m-2 d-I. Within the SAPF region (S6, S10, S14, S15, FlO), P',,, values also differed in the same way and production was generally low (274 to 327 mq C m-2 d-'I, although at S6 ADP reached 496 mg C m-2 d-'
Within the ACC, at S9 and S31, where P ' " was invariant with depth and the water column was mixed to 50 and 80 m, respectively, daily production was very low: between 111 and 172 mg C m-2 d-'. Further south and close to the ice edge at F6 and S8, ADP was higher, 392 and 484 mg C rn-' d-', while at the single Phaeocystis sp. dominated station (S30) of the MIZ, ADP was 558 mg C m-2 d-'.
Regional comparison of size-fractionated chl a data
Size-fractionated chl a data (Fig. 6 ) emphasise and correspond with the regional phytoplankton biomass distribution. At the centre of phytoplankton blooms (at S30 within the MIZ and at F11, S20, S21 and S25 within the APF), the >20 pm netplanktonic fraction made up >60% of the phytoplankton biomass. At the margins of the Polar Frontal bloom, this fraction made up 50 % of the total, while the 2-20 pm nanoplanktonic size class made up 40 % and picoplankton < 2 pm contributed the balance. By contrast, in the southern ACC close to the ice edge, the >20pm fraction contributed only 25% to the total biomass relative to the 2-20 pm fraction contnbution of 55 %. Within the SAPF and icefree ACC regions, the 2-20 Pm fraction contributed 70% of the biomass. 
DISCUSSION
Methodological considerations
In our study we were able to resolve differences in photosynthetic characteristics and pigment distribution within the vanous zones of the Southern Ocean. This was achieved by using a detailed analysis of spectrally weighted a' and kd [PAR] , and the depth-dependent parameters B,, kd[PAR], ä, ' , a,' , a' and P',. We also included in our ADP calculation the integration of photosynthetic rates to the depth where instantaneous net photosynthesis was approximately Zero.
By considering the spectral distribution of the light field we obtained precise values for PAR (and kd[PAR] ) and for a* by spectral weighting with 3,'. As shown in expenments by Lewis et al. (1985) , a' vanes significantly with wavelength due to its linear correlation with the particulate absorption spectrum of phytoplankton. Uncorrected ADP calculations were 59 to 108% of corrected values when based on a' values which ignored the in viv0 underwater light spectrum (Table 4a ).
The parameters B" a,', ä+', a ' , P', and kd often show vertical structure within the water column, presumably due to deep chlorophyll maxima, mixing and differing photoacclimational Stages. As shown by Bracher & Tilzer (1998), a,' and kd varied strongly with depth in stabilised water columns during our cruise (e.g. at S30 in the MIZ and in the APF IS13, S201). Here, light absorption by phytoplankton and light attenuation decreased sharply below the UML since B, was low, and a,' decreased due to a package effect of the low-light-acclimated cells. By contrast, in a well-mixed water column (e.g. at S31 within the ACC), a,' and kd values were rather constant. In addition, using instantaneous irradiances for calculations is important, since averaging irradiance for the daylight penod results in a n overestimate of ADP when the average irradiance greatly exceeds Ek. Relative to our method, which includes vanations in depth and time [regarding B,(z), ao' (z), ,$' (z), a' (z), P',(z), kd(z) and E,IPAR](z,t)], methods which average over both (e.g. Talling's 119571 protocol), or one of the two, may lead to significant errors (Table 4b-d) . Averaging over depth and time leads to an overestimate of ADP by 44 % (SD 9 %). Resolving the parameter of depth only leads to an overestimate of 27 % (SD 12 %) and resolving time only leads to an underestimate of 51 % (SD 18%). Under-or overestimating ADP can have significant theoretical consequences. For example, if we denve a growth rate of 0.5 d-' using ADP values and areal biomass concentration, Table 4 . Comparison of ADP rates calculated in our study including spectral correction of a', resolving the parameters B,. a,', ä,', a'. P',,,, and kd for depth and E,(z,t) for depth and time to different methods in which ADP rates were calculated by (a) using Eq. ( 6 ) , but not spectrally weighting g' (= not corrected); (b) using mean valugs overthe euphotic Zone and daily mean values of subsurface downwehng irradiance Ed(0) according to Talling (1957) 
. O.9N; (C) using mean values over the euphotic Zone and integrating over time with Ed(O,t); and (d) using Eq. (6) then an overestimate of daily production by 20% can lead to an error of 270% in biomass after 10 d.
The problems associated with the estimation of pnmary production based on P vs E curves have been weil documented by Sakshaug et al. (1997) . In the near future, some of these problems may be resolved by new techniques, such as the fast-repetition-rate fluorometer (FRRF), or the pulse-amplitude-modulated fluorometer (PAM) (Falkowski & Kolber 1993 , Schreiber et al. 1995 . When these techniques, which are fast and non-destructive, are proven to provide robust and direct in situ measures of P vs E parameters, productivity and physiological responses to light and nutnent regimes over time and space scales hitherto unknown will become available.
Phytoplankton physiology, biomass and composition in the Southern Ocean
We encountered significant phytoplankton blooms only at the APF and withm the MIZ. The >20 pm size class dominated the biomass at both bloom sites, but while at the bloom within the APF diatoms dominated the algal community, contnbuting to high ADP and P', values (>730 mg C m-2 d-' and > 2 mg C mg chl a-' h-'. respectively): Phaeocystis sp. dominated within the MIZ bloom and ADP and P', values were lower (558 mg C m-2 d-' and <1.3 mg C mg chl a-' h-', respectively). The large, spiny diatoms dominating the bloom at the APF were slow growing, exhbiting a high uptake rate of silicate over a long period. but were nevertheless buoyant (Hense et al. 1998) . Export production was therefore low (<I00 mg C m-2 d-'; Rutgers van der Loeff et al. 1997 ) and the P0C:PON (particulate organic carbon to nitrogen) ratio (<6.5:1) and phaeophytin:chl a ratio (<0.22 at the upper 50 m) indicate that these phytoplankton were in a healthy phase (Hense et al. 1998) . By contrast, the MIZ Phaeocystis sp. bloom exhibited a P0C:PON ratio of >20:1 at 90 m depth and an increase in the phaeophytin:chl a ratio to >0.4:1 at 40 m (Bathmann et al. 1997b ). Apart from taxon-specific differences, these ratios are indicative of an aged phytoplankton bloom. In Support of this, Q> , for the MIZ Phaeocystis sp. bloom was low, which Cleveland et al. (1989) interpret as being indicative of a terminal phase. The APF bloom, by contrast. was charactensed by a high @ , value [close to the theoretical maximum of 0.094 mol C (mol photons)-' at S20] indicative of an actively growing population.
The ADP rates of phytoplankton at Stns SI8 and S6 are of special interest since, despite a relatively low biomass (<0.9 and ~0 . 6 mg chl a m-3 within the euphotic zone, respectively), the ADP rates were sirnilar to those exhibited by a higher biomass (>1.5 mg chl a m-3) close to the centre of the APF (Fig. 5) . Stn 18 was charactensed by an unusually high density of coccolithophond prymnesiophytes (>30%) while at Stn S6, both dinoflagellates and coccolithophonds (20 to 25 % each) contnbuted to the phytoplankton composition (M. Schültke pers. cornm.). We attribute the low biomass of phytoplankton at these 2 stations to the strong grazing pressure exerted by high concentrations of cyclopoid copepods which removed 80 % d-' of the phytoplankton standing stock, mainly dinoflagellates and coccolithophonds (Dubischar & Bathman 1998) .
In general, the values of the parameters characterising the P vs E curve and the ADP rates measured in our study are in the range of values measured in other primary production studies performed with phytoplankton of the Southern Ocean (Table 5 ). The differences between values can be caused either by differences in phytoplankton physiology and biomass influenced by species composition, photoacclirnation, time of sampling, and differences in abiotic factors at the vanous sites or by differences in methods used for obtaining such data (especiaiiy regarding the light field dunng incubation, the incubation time and the calculation of ADP from P vs E data, as pointed out above).
Abiotic controls of phytoplankton distribution, biomass and productivity
Nutrients
Overail, macronutrient concentrations exceeded the requirements for phytoplankton growth (Hartrnann et al. 1997 , Hense et al. 1998 , as is generaiiy the case in the Southern Ocean. Among nutrients, surface silicate concentrations varied the most, with concentrations ranging from 80 pM at 68" S to 0.41 pM at the northern edge of the APF, where Si could well have been limiting (Pondaven et al. 1998) . By contrast, surface nitrate and phosphate concentrations were largely invanate (> 18 and > 1.3 PM, respectively) throughout the whole sampling area. This observation means that the surface Si:N03 ratio shifts, south to north, from 4.4:l to 0.023:1, implying not only potential Si limitation, but uncoupled recycling rates for the 2 nutrients, where Si is exported out of the euphotic Zone but NO3 is not or is at least in balance with inputs. Measured low f-ratios (<0.4) throughout the region confirrn that the utilisation and export of NO3 as PON is indeed low and accounts, in part, for the sustained meridional NO3 concentrations (Lucas et al. 1997 ) which must nevertheless also be maintained by the upwelling of NO3 nch water. Table 5 . Cornparison of (a) ADP rates and (b) P versus E Parameters (P'" a' and E,) from the literature and our study. Units of the different pararneters a r e defined in Table 1 . Abbrevations for different methods used a r e defined a s follows: PE = P vs E curves performed in in vitro incubation (IV); SIS = simulated in situ incubation (on-deck); IS = in situ incubation Among micronutnents, iron concentrations (de Jong et al. 1997) were low (<1 nM) at all sites dunng the whole cruise and were therefore an unlikely influence on the relative biomass distnbution which reached a maximum of only < 2 mg chl a m-3. However, during a previous cruise to the APF at 6" W in the Atlantic Sector (ANT X/6, de Baar et al. 1995) , iron concentrations approached 4 nM, concurrent with a higher phytoplankton biomass (>4 mg chl a m-3) dominated by silicified diatoms. It is therefore tempting to speculate that phytoplankton productivity and biomass within the APF dunng our cruise could have been iron-limited, although the synergistic relationship between iron and light limitation cannot be ignored (Sunda & Huntsman 1997) , particularly with regard to diatom dominated new production.
Influence of sampling time in the day Rivkin & Putt (1988) suggested that the diurnal cycle of parameters determining the P vs E curve is not as strongly developed in the Southern Ocean as in temperate seas. In their study of die1 penodicity of photosynthesis in the Southern Ocean, no photoinhibition or pigment responses to the diurnal light regime were detected within a day. In the early austral summer, at the Same time of the year as our study, the diurnal differences in P', and U.' values were small, probably due to the long daylight penod (16 to 24 h) (Rivkin & Putt 1988) . Although the stations in our study were sampled at different times of the day, we conclude that the observed regional vanances in P', and a' are unlikely to be due to diurnal responses.
Hydrography
It is well known that the depth of the UML, its associated vertical stability and the underwater light field are related and fundamentally influence phytoplankton productivity (Sverdrup 1953 , Nelson & Smith 1991 . In a vertical light gradient, the tendency for phytoplankton to adjust their photosynthetic characteristics to the local light level at different depths is, however, opposed by the tendency for turbulence to erode this differentiation and bring the phytoplankton community to a physiologically homogenous state over depth (Lewis et al. 1984) . It is this which underpins the 'critical depth' concept first quantified by Sverdrup (1953) and reconsidered in the Southern Ocean context by Nelson & Smith (1991) . By this reasoning, productivity over most of the Southern Ocean is low, even in summer, because the depth of the surface mixed layer (Z,) approaches or exceeds the Sverdrup cntical depth (Z"), which is a function of the solar irradiance at the sea surface and the water clarity. Strongly stratified regions in the Southern Ocean have been identified mainly in the MIZ and around land masses, where glacial meltwater or rainwater run-off provide a buoyancy input into the surface layer (Marra & Boardman 1984 , Smith & Nelson 1985 , Penssinotto et al. 1990 , Mitchell & Holm-Hansen 1991 . However, the paradigm of meltwater-induced stabiiity as the principal mechanism accounting for regions of higher productivity is no longer universal. For example, during the STERNA cruise to the Bellingshausen Sea, elevated productivity in the MIZ was associated primanly with the presence of a strong frontal jet (the Southern Polar Front) rather than to ice melt and retreat (Pollard et al. 1995 , Waldron et al. 1995 . Sloping isopycnals at frontal edges in areas of high stability can therefore also result in shaliower stratification and elevated productivity (Lutjeharms et al. 1985 , Pollard et al. 1995 . But can this argument be extended to the APF during our study?
Based on a change of sigma-t of >0.05 over a 10 m depth intenral, UML depths in our study were shallow within the MIZ (12 m) and within the APF (15 to 35 m). Chlorophyll concentrations and ADP rates were maximal at the northern edge of the APF where silicate was close to rl~pletion Laiihscher et al (1493) also noted that the northern edge of the APF at 10" E in the austral summer was charactensed by very shaiiow UML depths (<20 m) where surface and integrated silicate concentrations were probably low enough to limit diatom growth. In their study, the densest blooms were found in the core of the front, where high vertical stability occurred in conjunction with high silicate concentrations.
Strong temperature gradients are a typical feature of the fronts encountered in the Southern Ocean (Pollard et al. 1995) . It is likely that they too play a signifiCant role in bloom dynamics in our study within the APF. In agreement with Laubscher et al. (1993) , we also noted maximum chl a concentrations and ADP rates on the warmer side of the front (>4"C surface water). Apart from temperature-dependent stability considerations, temperature itself strongly influences phytoplankton production in the Southern Ocean (Jacques 1983 , Tilzer et al. 1985 , Palmisano et al. 1987 , Tilzer & Dubinsky 1987 . Jacques (1983) demonstrated that warmer temperatures could have a positive, but limited, effect on growth rates of Antarctic algae and that the response is also species specific. In Summary, Jacques (1989) has suggested that Antarctic algae are somewhat constrained by low temperatures, based on the assumption that the enzymatic composition and control of carbon fixation is sirnilar in all algal species.
Taken collectively, vertical mixing processes and water colun~n stratification in combination with silicate concentrations and temperature seem to be the main factors dnving production and growth of phytoplankton during this study. The abundance of macronutrients did not play an important role in determining phytoplankton biomass and production, although the question of potential iron limitation, particularly for diatoms, was not resolved by this study.
